The influence of phenolic (p-coumaric, caffeic, ferulic, gallic and protocatechuic) acids on glucose and organic acid metabolism by two strains of wine lactic acid bacteria (Oenococcus oeni VF and Lactobacillus hilgardii 5) was investigated. Cultures were grown in modified MRS medium supplemented with different phenolic acids. Cellular growth was monitored and metabolite concentrations were determined by HPLC-RI. Despite the strong inhibitory effect of most tested phenolic acids on the growth of O. oeni VF, the malolactic activity of this strain was not considerably affected by these compounds. While less affected in its growth, the capacity of L. hilgardii 5 to degrade malic acid was clearly diminished. Except for gallic acid, the addition of phenolic acids delayed the metabolism of glucose and citric acid in both strains tested. It was also found that the presence of hydroxycinnamic acids (p-coumaric, caffeic and ferulic) increased the yield of lactic and acetic acid production from glucose by O. oeni VF and not by L. hilgardii 5. The results show that important oenological characteristics of wine lactic acid bacteria, such as the malolactic activity and the production of volatile organic acids, may be differently affected by the presence of phenolic acids, depending on the bacterial species or strain.
Introduction
Phenolic compounds are one of the most abundant groups of chemical compounds in wine and have an extremely important impact on its sensorial characteristics. These compounds exist in the grapes and in the wood of the barrels used for wine maturation. Phenolic acids (hydroxybenzoic and hydroxycinnamic acids) are relatively abundant in wine (Reguant et al., 2000) and exist mostly in combined forms as tartaric acid esters, anthocyanin esters or soluble tannins (Macheix et al., 1990) . The hydrolysis of these compounds during alcoholic fermentation causes the release of ''free'' phenolic acid molecules. Although hydroxybenzoic and hydroxycinnamic acids have similar structures (Fig. 1) , they can have different effects on the growth and metabolism of wine lactic acid bacteria. Previously published studies suggest that gallic acid can stimulate growth and malolactic activity of some strains of lactic acid bacteria (Alberto et al., 2001; Vivas et al., 1997) and delay the production of acetic acid from citric acid in O. oeni (Reguant et al., 2000) . On the other hand, other authors found that some phenolic acids delayed the conclusion of the malolactic fermentation by this bacterium (Reguant et al., 2000; Vivas et al., 1997) . Hydroxycinnamic acids (particularly p-coumaric acid) are known to inhibit growth of a variety of microorganisms including wine-spoilage strains of L. collinoides and L. brevis (Stead, 1993) , L. hilgardii and O. oeni (Campos et al., 2003) .
In this study, five phenolic acids, which occur naturally in wines, were tested for their effects on glucose and organic (citric and L-malic) acids metabolism by O. oeni and L. hilgardii.
The bacterial strains used were L. hilgardii 5, a wild strain from the Escola Superior de Biotecnologia da Universidade Cató lica Portuguesa (ESBUCP) culture collection originally isolated from Port wine (Couto and Hogg, 1994) , and O. oeni VF, a commercial starter culture strain, VINIFLORA OENOS from CHRISTIAN HANSEN (Hrevidre, Denmark). Initial cultures (pre-cultures) were prepared in MRS/TJ broth medium: 50:50 mixture of MRS (de Man, Rogosa and Sharpe) from BIOKAR DIAGNOSTICS (Beauvais, France) and TJ (Tomato Juice broth) from DIFCO (Detroit, MI). This mixed medium was previously found to enhance growth of both strains (particularly O. oeni VF) comparatively to MRS alone. The initial pH of the medium was adjusted to 4.5 with a concentrated (6 M) hydrochloric acid solution before sterilizing (121 C, 15 min). After sterilization, ethanol (99.5% v/v) was added to the medium to obtain a final concentration of 5% v/v.
Growth and metabolism experiments were performed in MRS broth supplemented with L-malic acid (4.0 g L
À1
) from MERCK (Darmstadt, Germany). The approximate composition of this medium before heat sterilization (121 C, 15 min) was (in g L À1 distilled water): polypeptone -10, meat extract -10, yeast extract -5, glucose -20, Tween 80 -1.08, potassium hydrogenophosphate -5, potassium acetate -5, ammonium citrate -2, magnesium sulphate -0.2, manganese sulphate -0.05 and L-malic acid -4. Initial pH of the medium was adjusted to 4.5 before sterilization. After sterilization, ethanol (99.5% v/v) was added to the medium to obtain a final concentration of 5% v/v.
Bacterial growth was determined by absorbance measurement at 660 nm, using an UV/VIS UNICAM 8620 (Cambridge, UK) spectrophotometer.
Pre-cultures were grown aerobically to late exponential phase in MRS/TJ medium (four days at 25 C), and then transferred to 100 mL flasks with growth medium MRS supplemented with different phenolic acids. Hydroxycinnamic (p-coumaric, ferulic and caffeic) and hydroxybenzoic (protocatechuic and gallic) acids were added to the growth medium to obtain a final concentration of 500 mg L
. These compounds were selected because of their ability to affect the growth of the tested strains (Campos et al., 2003) . All phenolic compounds were obtained from SIGMA-ALDRICH (Steinheim, Germany). Fresh concentrated solutions of phenolic acids were prepared in ethanol (99.5% v/v) and added to the growth medium, after sterilisation. In the control assay only ethanol was added to the medium. The final ethanol concentration was 5% v/v in all assays.
Cultures were incubated aerobically at 25 C, without agitation, for 8 days and samples were collected to monitor cellular growth and to measure the extracelullar concentration of glucose and organic acids. After absorbance measurement, samples were stored at À20 C for later analysis of these compounds. Assays were made simultaneously and the whole experiment was repeated to verify the results.
A similar experiment was devised to test the influence of different concentrations of p-coumaric acid on glucose and organic acid metabolism of the two strains. This compound was chosen for its particularly inhibitory effect on growth of both strains (Campos et al., 2003) . Cultures were prepared as described, with different concentrations of p-coumaric acid (0, 50, 250 and 500 mg L
) and incubated in the same conditions as above. Samples were collected and frozen for later analysis.
Glucose and organic acids concentrations were determined by HPLC, using a BECKMAN GOLD system equipped with a Refractive Index (RI) detector. Analysis was performed using a BIORAD (Richmond, CA) AMINEX HPX-87H (300 Â 7.8 mm) column. Operation conditions were as follows: mobile phase, H 2 SO 4 2.5 mM; flow rate, 0.6 mL min À1 ; column temperature, 50 C; injection loop volume, 20 mL. Samples were microfiltered using 0.45 mm syringe filters prior to injection on the HPLC system. Peak identification was based on the relative retention times determined by injection of standard solutions. Quantification was performed using calibration curves.
Lactic and acetic acid yields from glucose were calculated using the data values obtained after total consumption of L-malic and citric acids. Analyses of variance (ANOVA) and Tukey's HSD (honestly significant differences) for samples of different sizes (Spjotvoll/Stoline test) were used to compare yield values between the
Group
Chemical structure Name The results obtained indicate that, with the exception of gallic acid, all phenolic acids had a negative effect on growth of L. hilgardii 5 and O. oeni VF, decreasing the growth rate and the maximum absorbance attained (Figs. 2a and 3a) . This inhibitory effect was stronger in the case of O. oeni VF than in the case of L. hilgardii 5 and was higher in the presence of hydroxycinnamic acids (p-coumaric, caffeic and ferulic acids) than in the presence of hydroxybenzoic acids (gallic and protocatechuic acids). These results agree with previously published results using the same strains (Campos et al., 2003) .
Except for gallic acid, all phenolic acids had an adverse effect on the progress of the malolactic fermentation by L. hilgardii 5, extending its completion time. This effect was most noticeable for ferulic and p-coumaric acids (Fig. 2c) . Interestingly, despite the strong inhibitory effect of most tested phenolic acids on O. oeni VF growth (Fig. 3a) , the malolactic activity of this strain was not considerably affected by their presence. Nevertheless, ferulic and p-coumaric acid slightly delayed the conclusion of the malolactic conversion by this organism (Fig. 3c) . These findings are not totally unexpected considering that, as a starter culture, this strain was probably selected for its exceptional abilities to conduct malolactic fermentation under stressful conditions (Nielsen et al., 1996) .
Glucose metabolism of L. hilgardii 5 started simultaneously with organic (L-malic and citric) acids metabolism ( Fig. 2b-d) . On the contrary, organic acids metabolism preceded glucose consumption by O. oeni VF (Fig. 3b-d) , which is a desirable behaviour for a malolactic starter culture. The glucose metabolism of both strains seems to be related to their growth patterns which suggest that no increased glucose consumption was induced by the presence of phenolic acids in the growth medium.
Citrate metabolism occurred on the early growth stages of both strains (Figs. 2d and 3d) contributing to the increase of the acetic acid concentration in the medium (Figs. 2f and 3f) . p-Coumaric and ferulic acids delayed the citrate consumption by L. hilgardii 5 (Fig. 2d) . Citrate consumption by O. oeni VF was also negatively affected by the existence of phenolic acids in the medium, except for gallic acid (Fig. 3d) .
In the case of L. hilgardii 5 no notable differences were found in the total acetic acid production between the control assay and the assays supplemented with phenolic acids (Fig. 2f, Table 1 ). In the 
Results and discussion
experiments with O. oeni VF, except for gallic acid, the presence of phenolic acids caused a small decrease in total acetic acid production comparatively to the control (Fig. 3f , Table 1 ). The yields of lactic acid and acetic acid production from glucose were calculated after total consumption of L-malic and citric acids and are presented in Tables 1 and 2 . Analyses of variance (ANOVAs) were used to compare yield values between the different assays. The ANOVAs results showed no statistically significant differences (p > 0.05) in lactic acid or in acetic acid yields for L. hilgardii 5 in the absence or presence of phenolic acids. However, statistically significant differences were found in the conversion yields obtained with O. oeni VF which were ) by consumed glucose molecule (in mmol L À1 ) after exhaustion of L-malic and citric acids in the growth medium;
means and standard errors obtained in two independent experiments (n ! 5).
subsequently analyzed using a post-hoc comparison test. A statistically significant increase in lactic acid yield from glucose in the presence of p-coumaric and ferulic acids was observed, as these two results were classified in two distinct groups from the control experiment (Table 2) . A similar result was obtained for the acetic acid yield from glucose in the presence of the hydroxycinnamic acids. On the other hand, hydroxybenzoic acids did not seem to affect the conversion yield of glucose to lactic and acetic acids. The increase in acetic acid production from glucose metabolism suggest that, in the presence of hydroxycinnamic acids, there might be a shift in the glucose metabolism pathway of lactic acid bacteria towards acetate production, which would result in increased ATP production (via acetate kinase). From this it might be suggested that the increased ATP production could be important in overcoming the chemical stress caused by the presence of hydroxycinnamic acids in the growth medium. The unexpectedly high yields of lactic acid and acetic acid from glucose of O. oeni in the presence of hydroxycinnamic acids was also observed by other authors in other strains of this species (Rozes et al., 2003) . These authors postulated that the excessive production of lactic and acetic acids could have come from the consumption of other carbohydrates present in the growth medium. Since in our experiments we also used a complex medium which contained meat and yeast extracts, the possibility of the presence of other fermentable carbohydrates from these sources cannot be excluded.
The effect of increasing concentrations of p-coumaric acid on the bacterial metabolism was studied. It was found for O. oeni VF that the yield of lactic acid production from glucose increased with increasing p-coumaric concentration (Fig. 4) . No statistical difference was found between the control and the experimental assay at 50 mg L
À1
, but at higher concentrations (250 mg L À1 and 500 mg L À1 ), the differences were significant. The yield of acetic acid production from glucose was significantly higher than the control only when 500 mg L À1 of p-coumaric acid was used. In the case of L. hilgardii 5, no significant differences were found in the production yields of lactic and acetic acids in the range of p-coumaric acid concentrations used (Fig. 5 ). This study demonstrates that the presence of phenolic acids (except for gallic acid) in the growth medium has a negative effect on growth of L. hilgardii 5 and O. oeni VF. These strains were differently affected by the phenolic acids in terms of sugar and organic acids metabolism. The malolactic fermentation was only slightly affected in O. oeni VF while it was considerably delayed in L. hilgardii 5. An increased lactate and acetate production yield from glucose metabolism after L-malic and citric acid consumption was observed in O. oeni VF while it was not in L. hilgardii 5.
Being a selected strain used for the direct inoculation of wines, the malolactic fermentation performance of O. oeni VF found in this work was not unexpected. However, this strain produced higher yields of acetate from glucose in the presence of phenolic acids which may lead to an increased production of volatile acidity under these circumstances. L. hilgardii is more often associated with the spoilage of Port and other fortified wines but can also be found in table wines with pH > 3.5 (Tonon and Lonvaud-Funel, 2002) . In both cases the activity of this organism can increase the volatile acidity of wines beyond acceptable levels. The level of phenolic acids in the wine may increase during malolactic fermentation due to the hydrolysis of caftaric and coutaric acids and cinammoyl-glucoside anthocyanins originally present on the grapes or from hydroxycinnamic acids extracted from oak wood used for wine ageing (Hernandez et al., 2006; Hernandez et al., 2007) . Some strains of lactic acid bacteria have been shown to be able to produce volatile phenols from phenolic (p-coumaric and ferulic) acids (Chatonnet et al., 1995; Couto et al., 2006) . Thus, the presence of hydroxycinnamic acids in wines may influence the final composition of wines, namely due to the effect on the acetic acid and volatile phenols concentrations. The possibility of a shift on the metabolic pathway of glucose consumption caused by these compounds needs to be further investigated. 
